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SUMMARY 

Th is  paper e x h i b i t s  a s imple pass i ve  c i r c u i t  t h a t  improves c u r r e n t  ba lance 
i n  p a r a l l e l e d  power MOSFETs t h a t  a r e  n o t  p r e c i s e l y  matched and t h a t  a r e  opera- 
t e d  i n  t h e i r  a c t i v e  r e g i o n  from a common ga te  d r i v e .  A n o n l i n e a r  c i r c u i t  con- 
s i s t i n g  of diodes and r e s i s t o r s  generates the  d i f f e r e n t i a l  ga te  p o t e n t i a l  
r e q u i r e d  t o  c o r r e c t  for unbalance w h i l e  m a i n t a i n i n g  low losses ove r  a range o f  
c u r r e n t .  
c u r r e n t  balance i s  reviewed, and a s imple t h e o r y  i s  presented showing t h a t  f o r  
o p e r a t i o n  i n  the  a c t i v e  r e g i o n  the  branch c u r r e n t s  tend to  r e v e r t  to  t h e i r  nor-  
mal unbalanced va lues,  even i f  t h e  co re  i s  n o t  d r i v e n  i n t o  s a t u r a t i o n .  R e s u l t s  
of severa l  comparat ive exper iments a r e  g i ven .  

? Also a p p l i c a t i o n  of a t h i n  tape wound magnet ic co re  to  e f f e c t  dynamic 
7 

INTRODUCTION 

High power l i n e a r  a p p l i c a t i o n s  of MOSFETs o f t e n  r e q u i r e  t h a t  c u r r e n t  be 
shared among two or more of such p a r a l l e l e d  dev ices i n  o r d e r  to  s t a y  w i t h i n  
t h e i r  power d i s s i p a t i o n  r a t i n g s .  I n  a l i n e a r  mode t h e  o p e r a t i n g  p o i n t  w i l l  
t y p i c a l l y  swing from a h i g h  d ra in - to -sou rce  v o l t a g e  (VD 1 a t  low d r a i n  c u r r e n t  

even a t  low ID. Hence, t o  take f u l l  advantage o f  t h e  MOSFET's i n h e r e n t  immu- 
n i t y  t o  second breakdown t h e r e  i s  o f t e n  a need t o  assure good c u r r e n t  s h a r i n g  
f r o m  the  maximum c u r r e n t  down t o  some smal l  f r a c t i o n  o f  i t .  Th is ,  however, i s  
we1 1 known t o  be a d i f f i c u l t  t a s k  because o f  temperature d r i v e n  i n s t a b i  1 i t y  
( r e f .  1 ) .  A t  low ID, where the  gate-to-source v o l t a g e  (VGS) i s  below about 
6 V ,  an inc rease  i n  the  j u n c t i o n  temperature increases I D .  
quence o f  a decrease i n  t h e  t h r e s h o l d  VGS(th) overcoming t h e  e f f e c t  of an 
i nc rease  i n  t h e  on-state d ra in - to -sou rce  dc r e s i s t a n c e  rDS(on). 

Good remedies a re  ha rd  t o  f i n d .  Small va lues of t h e  o f t e n  used source 
l e a d  res i s to rs  (Rs)  work w e l l  a t  h i g h  
ID. Conversely,  a l a r g e  va lue  o f  RS i s  i n t o l e r a b l e  a t  h i g h  ID. Moreover, a 
c i r c u i t  t h a t  shares c u r r e n t  even ly  a t  low speeds can e x h i b i t  s u b s t a n t i a l  unbal -  
ances when t r a n s i e n t s  amount to severa l  amperes ove r  a microsecond or l e s s .  
The f a i l u r e  to  share c u r r e n t  under dynamic c o n d i t i o n s  i s  o f t e n  due t o  d i f f e r e n -  
t i a l  inductance i n  w i r i n g  and sometimes t o  v a r i a t i o n s  i n  t h e  i n t e r n a l  capaci -  
tances among t h e  MOSFETs ( r e f .  2 ) .  For these reasons even c a r e f u l  match ing o f  
dev i ce  VGS(th) and transconductance may s t i  1 1  n o t  remove a1 1 unbalances. 

r e n t s  and s t i l l  ma in ta ins  good balance a t  h i g h e r  c u r r e n t s  by means o f  n o n l i n e a r  

( I D )  t o  a p o i n t  o f  low VDS a t  h i g h  ID. The thermal ? oad may be s u b s t a n t i a l  

T h i s  i s  a conse- 

ID, b u t  hence become i n e f f e c t i v e  a t  low 

This  work r e p o r t s  a s imple c i r c u i t  t h a t  reduces unbalance a t  lower  cu r -  



elements. 
parameters.  T h i s  work w i l l  a l s o  r e p o r t  on t h e  r e d u c t i o n  o f  dynamic unbalance 
for  pu lses  o f  l i m i t e d  d u t y  c y c l e  by c o u p l i n g  source c u r r e n t s  th rough  t h e  wind- 
i n g s  on t h i n  tape wound magnet ic cores.  Whi le t h i s  technique i s  w e l l  known i n  
s w i t c h i n g  a p p l i c a t i o n s  ( r e f .  3 > ,  d i s c u s s i o n s  i n  t h e  l i t e r a t u r e  o f  i t s  use i n  
t h e  a c t i v e  r e g i o n  of power MOSFETs a r e  v e r y  l i m i t e d .  Hence, an example w i l l  
be rev iewed here u s i n g  a Supermal loy tape wound core.  

The c i r c u i t  developed i s  most e f f e c t i v e  a g a i n s t  mismatches o f  s t a t i c  

DIODE NONLINEARITY USED TO EXTEND RANGE OF CURRENT BALANCE 

A s  no ted  above, any f i x e d  s e t  o f  r e s i s t o r s  RS can n o t  e f f e c t i v e l y  con- 
t r o l  c u r r e n t  s h a r i n g  o v e r  a wide range o f  c u r r e n t .  E i t h e r  t h e  l osses  become 
too g r e a t  a t  l a r g e  Rs, or t h e  d i f f e r e n t i a l  v o l t a g e  drop too low a t  low R . 
However, i f  one c o u l d  i n  e f f e c t  s h i f t  t h e  c u r r e n t  from h i g h e r  t o  lower  r e s  7 s- 
tance paths as i t s  magnitude inc reases ,  t h i s  problem would be min imized and he 
range o f  c o n t r o l  t he reby  extended. The approach taken  he re  i s  t o  use d iodes to  
approx ima te l y  e f f e c t  a smooth s h i f t i n g  o f  t h e  c u r r e n t  pa ths .  

The c i r c u i t  presented i n  f i g u r e  1 extends c o n t r o l  o v e r  t h e  c u r r e n t  balance 
down to  lower  c u r r e n t s .  A t  h i g h  c u r r e n t s ,  of t h e  o r d e r  o f  amperes, m o s t  o f  
each ID f l o w s  th rough  t h e  f r a c t i o n a l  ohm r e s i s t o r s  RS which then  e f f e c t  
c u r r e n t  ba lance i n  t h e  usual  way. The p o t e n t i a l  drops across t h e  s i l i c o n  
diodes D remain below a v o l t ,  and hence t h e i r  l osses  stay low; and t h e  s p l i t -  
t i n g  r e s i s t o r  R i s  t y p i c a l l y  a few ohms. A s  t h e  c u r r e n t  decreases t h e  r e l a -  
t i v e l y  c o n s t a n t  d iode  drops become s i g n i f i c a n t  compared to t h e  v o l t a g e  drops 
i n  each s i d e  of R. Thus, as t h e  d iode  c u r r e n t s  d rop  t o  where t h e  r e s i s t o r s  
RS become i n e f f e c t i v e ,  t h e  r e s i s t o r  R s t a r t s  p r o v i d i n g  t h e  d i f f e r e n t i a l  
drop needed t o  m a i n t a i n  c u r r e n t  ba lance.  

The maximum d i f f e r e n t i a l  VGS t h a t  can be p r o v i d e d  by t h i s  c i r c u i t  i s  
app rox ima te l y  t h e  d iode  drop; t h a t  can be seen by  assuming t h e  t a p  on R i s  
s e t  to an extreme p o s i t i o n .  A d d i t i o n a l  s e r i e s  d iodes  w i l l  o f  course i n c r e a s e  
t h i s ,  b u t  o t h e r  parameters would then  be degraded. There fo re ,  l a r g e  mismatches 
i n  the  MOSFET c h a r a c t e r i s t i c  curves a r e  perhaps b e s t  e l i m i n a t e d  by  i n i t i a l  
coarse screening.  Due t o  t h e  n o n l i n e a r i t i e s ,  t h e  r e s u l t s  a r e  p r o b a b l y  n o t  
wor th the  e f f o r t s  r e q u i r e d  t o  d e r i v e  a n a l y t i c  f o rmu las  for  t h e  d i f f e r e n t i a l  
VGS produced as a f u n c t i o n  o f  t h e  c u r r e n t  d e v i a t i o n .  Anyway, t h i s  c i r c u i t  
i s  q u i t e  easy t o  a d j u s t  by exper iment .  

REVIEW OF CURRENT BALANCE FORCED BY A MAGNETIC CORE 

As a l r e a d y  mentioned, c e r t a i n  tape wound magnet ic cores a r e  v e r y  e f f e c t i v e  
i n  e n f o r c i n g  c u r r e n t  balance for  l i m i t e d  d u r a t i o n s  i n  c i r c u i t s  o p e r a t i n g  under 
pu lsed c o n d i t i o n s .  D e s i r a b l e  p r o p e r t i e s  a r e  magnet ic so f tness ,  low losses ,  
r a p i d  response and a rounded B-H c h a r a c t e r i s t i c .  Such a co re  i s  t hen  connec- 
t e d  as shown i n  f i g u r e  2. 

The d i f f e r e n t i a l  v o l t a g e  AV i n t r o d u c e d  by  t h e  two N-turn w ind ings  
amounts to  
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AV = 2N 2 
i n  terms o f  t h e  r a t e  of change o f  t h e  f l u x  
AB o f  t h e  magnet ic f i e l d  i s  l i m i t e d ,  t h e  d u r a t i o n  A t  t h a t  a AV can 
be ma in ta ined  i s  l i k e w i s e  l i m i t e d  to  

9. Since t h e  a v a i l a b l e  swing 

AB A t  = 2NAc gj , 

( 1 )  

(2) 

where A, i s  t he  e f f e c t i v e  c ross -sec t i on  of the  co re .  For a smal l  co re  w i t h  
f e w  t u r n s ,  t h i s  A t  may be o n l y  a 100 psec or so. Never the less,  i f  t h e  mate- 
r i a l  i s  m a g n e t i c a l l y  v e r y  permeable, then t h e  c u r r e n t  balance w i l l  a l s o  be v e r y  
good u n t i l  t he  co re  i s  d r i v e n  i n t o  hard s a t u r a t i o n .  Both A t  and q u a l i t y  of 
balance b e n e f i t  from an inc reased  N as l o n g  as the  e f fec ts  o f  leakage induc-  
tance remain n e g l i g i b l e .  

A more d e t a i l e d  a n a l y s i s  of t h e  a c t i o n  of t h e  co re  i n  t h e  appendix shows 
t h a t  a f i n i t e  p e r m e a b i l i t y  always leads to  a d ivergence o f  t h e  c u r r e n t s  away 
from balance w i t h  some f i n i t e  s lope.  Th is  t h e o r y  i n d i c a t e s  t h a t  f o r  an i d e a l  
co re  o f  cons tan t  p e r m e a b i l i t y  and a cons tan t  VG, t h e  c u r r e n t  d i f f e r e n c e  i s  
e x p o n e n t i a l l y  asympto t i c  t o  t h e  normal unbalanced va lue .  However, t h i s  f i n a l  
va lue  w i l l  o f t e n  be reached much sooner i n  r e a l  cores because o f  magnet ic 
s a t u r a t i o n .  

F lux r e s e t ,  which takes p l a c e  d u r i n g  t h e  i n a c t i v e  t i m e  between pu lses ,  
produces a v o l t a g e  s p i k e  i n  a sense o p p o s i t e  t o  AV. I n  many cases i t s  magni- 
tude w i l l  n o t  reach anywhere near t h e  l e v e l s  (-20 V I  dangerous t o  MOSFET j u n c -  
t i o n s  because u s u a l l y  t h e  f l u x  swings of concern a re  r a t h e r  low and c i r c u i t  
capaci tances a re  s u f f i c i e n t  t o  absorb magne t i z ing  c u r r e n t  sp i kes .  O the rw ise ,  
one may need s p e c i a l  p r o v i s i o n s ,  such as c o n t r o l l e d  resonan t  f l u x  r e s e t  
( r e f .  4 ) .  

Rather than t h e  d e s t r u c t i o n  o f  a MOSFET by t h e  f l u x  r e s e t  AV,  one i s  more 
l i k e l y  t o  observe a c u r r e n t  t a i l .  The o p p o s i t e  sense o f  t h i s  r e s e t  AV tends 
t o  cause an unbalance near t h e  end of t h e  f a l l  t ime  o f  a p u l s e ,  because t h e  
core tends t o  p r o l o n g  t h e  conduc t ion  o f  t h e  MOSFET which was more a p t  to  con- 
duct  i n  t h e  f i r s t  p l a c e .  T h i s  c u r r e n t  t a i l  i s  m o s t  apparent  when t h e  q u i e s c e n t  
gate v o l t a g e  i s  s e t  a t  j u s t  below t h r e s h o l d .  

EXPERIMENTAL OBSERVATIONS 

The c i r c u i t  shown i n  f i g u r e  1 was implemented u s i n g  t ype  MTM15N40 power 
MOSFETs (N-channel, enhancement mode, 15 A,  400 V, 250 W ) ,  t ype  1N1201 s i l i c o n  
d iodes,  RS = 0.5 Q and R = 2 Q. The MOSFET d r a i n  t e r m i n a l s  w e r e  connected t o  
a 300-V power supply  through 60 Q n o n i n d u c t i v e  r e s i s t o r s ,  n o t  shown. 

To demonstrate t h e  performance, t h e  t o t a l  c u r r e n t  was c o n t r o l l e d  t o  be a 
t r i a n g u l a r  wave, r i s i n g  from and r e t u r n i n g  t o  some smal l  va lue ,  and h a v i n g  a 
s lope o f  about 0.03 A/psec. A t  t h i s  r a t e ,  no t ime-dependent e f f e c t s  c o u l d  be 
seen, making i t  an e s s e n t i a l l y  s t a t i c  t e s t .  F i g u r e  3 p l o t s  x-y o s c i l l o s c o p e  
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t r a c e  d a t a  from t h i s  exper iment,  showing t h e  r e l a t i v e  d e v i a t i o n  (11 - I 2 ) /  
(11 + I 2 ) ,  i n  pe rcen t ,  versus t h e  t o t a l  c u r r e n t  (11 + 12) .  
t h a t  t h e  r e l a t i v e  d e v i a t i o n  remains l e s s  than  4 p e r c e n t  from 0.8 A t o  o v e r  7 A 
of t o t a l  c u r r e n t .  Only  a t  low c u r r e n t s ,  below about 0.5 A,  does t h e  c u r r e n t  
balance f a i l  r a p i d l y .  For t h e  p a r t i c u l a r  t r a n s i s t o r s  on hand, t h e  d i f f e r e n c e  
i n  VGS(th) was 0.25 V, and t h e  t a p  on R was a d j u s t e d  t o  about 0.8 Q from 
one end i n  a s u b j e c t i v e  judgment o f  what seemed optimum. V a r i a t i o n  o f  t h i s  t a p  
was observed t o  a f f e c t  t h e  l o c a l  minimum i n  t h e  d e v i a t i o n  (he re  a t  I = 1 A)  
and t o  d i s p l a c e  t h e  I 1  versus I 2  t r a c e .  For comparison t o  t h e  usual  
method, which uses t h e  r e s i s t o r s  RS a lone,  exper imen ta l  d a t a  a r e  a l s o  shown 
for t h i s  c i r c u i t  w i t h  t h e  R removed and t h e  d iodes s h o r t  c i r c u i t e d .  

Th is  p l o t  shows 

A s  t h e  c u r r e n t  s lew r a t e  i s  increased,  dynamic e f f e c t s  become more promi-  
nent  and h y s t e r e s i s ,  i n d i c a t i n g  c u r r e n t  unbalance, appears i n  a t r a c e  o f  
versus 12. For c u r r e n t  pu l ses  hav ing  r i s e  and f a l l  t i m e s  o f  about 1 psec, 
t h i s  h y s t e r e s i s  was q u i t e  e v i d e n t  a t  a 1 A t o t a l  c u r r e n t  i n  t h e  c i r c u i t  o f  f i g -  
u r e  1 .  For t h i s  r i s e  t ime  and c u r r e n t ,  o s c i l l o s c o p e  t r a c e s  o f  c u r r e n t  pu l ses  
i n  each branch and t h e  corresponding t r a c e  of I 1  versus I 2  a r e  shown i n  
f i g u r e s  4(a) and ( b ) ,  r e s p e c t i v e l y .  

I 1  

When a magnet ic core rep laces  t h e  n o n l i n e a r  network o f  f i g u r e  1 ,  t h e  char-  
a c t e r  o f  c u r r e n t  balance i s  g r e a t l y  changed. A l - m i l  Supermal loy tape wound 
core hav ing  an e f f e c t i v e  c r o s s - s e c t i o n  o f  0.15 cm2 and a mean l e n g t h  o f  mag- 
n e t i c  p a t h  o f  5.0 cm was b i f i l a r  wound to  g i v e  two - / - t u rn  windings and connec- 
t e d  as shown i n  f i g u r e  2 .  I t  i s  apparent  from t h e  t r a c e s  shown i n  f i g u r e s  5 (a>  
and ( b )  t h a t  ex t reme ly  even and h y s t e r e s i s - f r e e  c u r r e n t  s h a r i n g  c o u l d  then  be 
achieved, a t  l e a s t  ove r  t h e  8 psec d u r a t i o n  p u l s e w i d t h  shown. No f l u x  r e s e t  
c u r r e n t  t a i l i n g  i s  d i s c e r n i b l e .  U n f o r t u n a t e l y  as t h e  p u l s e  d u r a t i o n  i s  
increased, t h e  l i m i t  i m p l i e d  by equa t ion  (2 )  begins t o  a s s e r t  i t s e l f .  A f t e r  
about 100 psec, as t h e  co re  ge ts  d r i v e n  p r o g r e s s i v e l y  ha rde r  i n t o  s a t u r a t i o n ,  
t h e  branch c u r r e n t s  r e v e r t  t o  t h e i r  normal unbalanced va lues  and a prominent  
c u r r e n t  t a i l  appears i n  one o f  t h e  branches a t  t u r n - o f f .  F i g u r e  6 (a>  shows 
t h i s  e v o l u t i o n  o f  t h e  branch c u r r e n t s  u s i n g  l o n g  (-350 psec)  r e p e t i t i v e  pu l ses .  
Indeed, q u a n t i t a t i v e  agreement w i t h  equa t ion  (2 )  i s  f a i r l y  good because t h e  
B - f i e l d  change from remanence t o  s a t u r a t i o n  i s  about 0.20 T i n  Supermal loy,  
g i v i n g  A t  = 210 psec. 

The f i n i t e  s lope o f  t h e  i n i t i a l  d i ve rgence  away from balance i s  a l s o  
c l e a r l y  v i s i b l e  a t  t h e  l e f t  edge o f  f i g u r e  6 (a ) .  Th i s  d i f f e r e n c e  i n  t h e  cu r -  
r e n t  grows i n i t i a l l y  a t  a r a t e  o f  about 500 A/sec, a va lue  which i s  a l s o  i n  
good agreement w i t h  a f i r s t - o r d e r  a n a l y s i s  o f  t h e  a c t i o n  o f  t h e  co re  p resen ted  
i n  the  appendix. For t h e  magnet ic parameters used, r a p i d  s a t u r a t i o n  o f  t h e  
core prevented o b s e r v a t i o n  o f  t h e  p r e d i c t e d  e x p o n e n t i a l - l i k e  approach t o  s teady 
s t a t e  . 

R e t a i n i n g  t h e  branch w i t h  t h e  t a i l ,  t h e  lower t r a c e  o f  f i g u r e  6 (b>  shows 
t h e  simultaneous v o l t a g e  induced i n  one 7 - t u r n  c o i l ;  d i f f e r e n t i a l  g a t e  v o l t a g e  
AV amounts to  t w i c e  t h i s .  The c o n t r o l  p e r i o d  AV o f  0.2 V i s  f o l l o w e d  by a 
sa tu ra ted  dead zone and f i n a l l y  by a f l u x  r e s e t  AV which peaks s h a r p l y  b u t  
s a f e l y  a t  about -2 V.  
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DISCUSSION AND CONCLUSIONS 

The c i r c u i t  i n  f i g u r e  1 was demonstrated to  be a p r a c t i c a b l e  means o f  
e x t e n d i n g  t h e  range o f  e x t e r n a l l y  f o rced  c u r r e n t  balance i n  two branches con- 
t r o l l e d  by power MOSFETs t h a t  a r e  ope ra ted  i n  t h e i r  a c t i v e  r e g i o n s  from a s i n -  
g l e  ga te  d r i v e .  
s i m p l i c i t y ,  r e l a t i v e l y  low power d i s s i p a t i o n ,  and d u t y  c y c l e  up t o  100 p e r c e n t .  
Whi le t h e  c u r r e n t  balance improvement a t  h i g h  c u r r e n t s  for  t h e  c i r c u i t  i n  f i g -  
u r e  1 i s  n o t  much g r e a t e r  t han  for t h e  s tandard technique o f  u s i n g  o n l y  source 
l e a d  r e s i s t o r s ,  t h e  improvement i s  much g r e a t e r  a t  lower  c u r r e n t s .  The re fo re ,  
one can expect  s i g n i f i c a n t l y  improved c u r r e n t  balance o n l y  o v e r  a broad range, 
a l t hough  i t  may be d i f f i c u l t  t o  a t t a i n  the  p r e c i s i o n  o f  balance p o s s i b l e  w i t h  
a c t i v e  feedback c i r c u i t s .  Never the less ,  when o n l y  a few t e n t h s  o f  a v o l t  g a t e  
d i f f e r e n t i a l  need be compensated under c o n d i t i o n s  t h a t  would n o t  be termed h i g h  
p r e c i s i o n  or h i g h  speed pu lse ,  t h e  m e r i t s  of the  c i r c u i t  i n  f i g u r e  1 ou twe igh  
i t s  shortcomings. Moreover, improvements i n  range and q u a l i t y  may w e l l  be pos- 
s i b l e  based on t h e  same i d e a  o f  c u r r e n t  s t e e r i n g  by n o n l i n e a r  dev i ces .  

The main advantages of t h i s  s t r i c t l y  pass i ve  c i r c u i t  a r e  

Also t h e  known use, a t  l e a s t  i n  p r i n c i p l e ,  o f  a h i g h l y  permeable magnet ic 
co re  to  f o r c e  c u r r e n t  ba lance was b r i e f l y  reexamined fo r  a p p l i c a t i o n  t o  c u r r e n t  
c o n t r o l  by power MOSFETs i n  t h e i r  a c t i v e  r e g i o n .  I n  t h e  a c t i v e  r e g i o n ,  branch 
c u r r e n t s  a r e  f o r c e d  toward e q u a l i t y  by a smal l  induced v o l t a g e  a p p l i e d  d i f f e r -  
e n t i a l l y  to  t h e  gate-source j u n c t i o n s .  For s h o r t  p u l s e  d u r a t i o n s ,  o f  t h e  o r d e r  
o f  a few tens o f  microseconds and a VGS(th) 
smal l  ( A c  = 0.15 cm2, 1 = 5 cm) Supermal loy tape wound co re  h a v i n g  a p a i r  o f  
7 - t u r n  windings was shown t o  be v e r y  e f f e c t i v e  i n  e n f o r c i n g  c u r r e n t  balance. A 
d u t y  c y c l e  above 50 p e r c e n t  was q u i t e  f e a s i b l e ,  as any i n t e r f e r e n c e  w i t h  t h e  
smal l  f l u x  r e s e t  v o l t a g e  s p i k e  was n e g l i g i b l e .  E v e n t u a l l y  c o r e  s a t u r a t i o n  
e f f e c t s  dominate, e f f e c t i v e l y  removing t h e  core from t h e  c i r c u i t ,  and t h e  
branch c u r r e n t s  r e v e r t  t o  t h e i r  usual  unbalanced va lues.  I n  t h i s  case, c u r r e n t  
balance d e t e r i o r a t e d  from t h e  v e r y  s t a r t  o f  a p u l s e  a t  a r a t e  o f  about  
500 A/sec and f i n a l l y  r a p i d l y  and p r e d i c t a b l y  a f t e r  about 200 psec as t h e  co re  
sa tu ra ted .  The r e v e r s e  p o l a r i t y  v o l t a g e  sp i ke  .caused by  f l u x  r e s e t  even from a 
w e l l  s a t u r a t e d  s t a t e  was o n l y  1 V pe r  winding--not y e t  a hazard,  b u t  s u f f i c i e n t  
to  produce c u r r e n t  t a i l i n g  i n  one branch a t  t h e  end o f  a p u l s e .  

mismatch o f  about 0 .2 V, even a 

A s i m p l e  f i r s t - o r d e r  theory d e s c r i b i n g  t h e  a c t i o n  o f  t h e  c o r e  was d e v e l -  
oped. The l i n e a r i z e d  v e r s i o n  o f  t h i s  t h e o r y  shows t h a t  t h e  branch c u r r e n t s  
r e v e r t  e x p o n e n t i a l l y  w i t h  t i m e  t o  t h e i r  usual  unbalanced va lues  even i f  t h e  
co re  remains unsa tu ra ted .  T h i s  t h e o r y  p r e d i c t s  an i n i t i a l  d i ve rgence  r a t e  o f  
320 A/sec f o r  t h e  c i r c u i t  t e s t e d ,  as compared t o  t h e  r o u g h l y  500 A/sec 
observed. Depending on parameter va lues,  i t  appears t h a t  i n  c i r c u i t s  u s i n g  
uncut  Supermal loy cores,  t h e  co re  w i l l  l i k e l y  s a t u r a t e  b e f o r e  t h e  e x p o n e n t i a l  
o f  t h e  model u s i n g  a l i n e a r i z e d  r e c o i l  p e r m e a b i l i t y  can r u n  i t s  course.  Such 
was the  case here.  

F i n a l l y ,  i t  i s  suggested t h a t  an i ns t rumen t  c o u l d  be b u i l t  based on t h e  
magnetic co re  c u r r e n t  b a l a n c i n g  technique to  q u i c k l y  match t h e  g a t e  v o l t a g e s  o f  
power MOSFETs by o b s e r v i n g  t h e  induced v o l t a g e .  Th is  v o l t a g e  i s  easy t o  mea- 
sure i n  a t e r t i a r y  w ind ing .  The t o t a l  c u r r e n t  can be k e p t  a c o n s t a n t  by means 
o f  a feedback s i g n a l  t o  a gate d r i v e ,  and t h e  t e r t i a r y  w i n d i n g  then  g i v e s  t h e  
gate v o l t a g e  d i f f e r e n t i a l .  
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APPENDIX - ANALYSIS OF CURRENT BALANCE FORCED BY A MAGNETIC CORE 

A f i r s t - o r d e r  a n a l y s i s  of t h e  behav io r  o f  t h e  magnet ic co re  and MOSFETs 
i n  f i g u r e  2 i s  c a r r i e d  o u t  here u s i n g  t h e  e lementary l i n e a r  model o f  a MOSFET. 
The h i g h e r  o r d e r  i n d u c t i v e  e f f e c t s  o f  w i r i n g  and e f f e c t s  o f  dev i ce  capaci tances 
such as a r e  i gno red  because t h e y  t y p i c a l l y  correspond to  submicrosecond 
modulat ions o f  t h e  b a s i c  a c t i o n  o f  t h e  co re  i n  t h i s  c i r c u i t .  

C i s s  

W r i t t e n  f o r  each MOSFET, t h e  l i n e a r i z e d  model t r a n s c o n d u c t i o n  equa t ions  
a re  

- ' th l  I1 = (VG - vsl 

and 

where g stands for  t h e  MOSFET common source l a r g e  s i g n a l  f o r w a r d  t ransconduc- 
tance gFS, and V th  stands f o r  t h e  gate-source t h r e s h o l d  v o l t a g e  VGS(th). 
There i s  o n l y  one VG because b o t h  gates a r e  d r i v e n  from t h e  same source. The 
VS f o r  each t r a n s i s t o r  i s  w r i t t e n  as t h e  sum o f  t h e  induced v o l t a g e  N(d$/dt )  
i n  each N-turn w ind ing  and a smal l  v o l t a g e  drop I R o  due t o  w i r i n g  and MOSFET 
channel r e s i s t a n c e :  

a 
'S1 = ' l R O l  + d t  ' (A3) 

Assuming t h e  magnet ic c h a r a c t e r i s t i c  o f  t h e  co re  to  be h y s t e r e s i s  f r e e ,  
a l t hough  n o t  y e t  l i n e a r i z e d ,  t h e  f l u x  $ w i l l  be some m o n o t o n i c a l l y  i n c r e a s i n g  
f u n c t i o n  f o f  t h e  t o t a l  m m f  N ( I 1  - 12):  

These f i v e  equa t ions  determine t h e  t ime  e v o l u t i o n  o f  t h e  c u r r e n t s  
when V G ( t )  i s  s p e c i f i e d  as a f u n c t i o n  o f  t ime .  However, from t h e  p o i n t  o f  
v iew o f  q u a l i t y  of  c u r r e n t  balance t h e  i n t e r e s t  here i s  i n  t h e  c u r r e n t  
d i f f e r e n c e  

11, I 2  

6 = I1 - I2 (A6) 

and t h e  t o t a l  c u r r e n t  

I=I, +I2.  
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To this end the system (Al) t o  (A51 can be rewritten and collapsed t o  

(A81 1 1 - (rl - r 16 + - (rl + r2)I = 2 2 2 2vG - 'thl - 'th2 ' 

I where a small resistance 

(A10) r = g + R o  1 

l is defined for each branch. 

Equations (A71 and (A81 then determine the evolution equation 

- rlr2 
2 r p - r  + r  1 

(A12) 

and 

r1Vth2 - r2Vthl - (rl - r2)VG(t) 
h(t) = (A1 3 )  

2 r + r  1 

It is clear from equation (All) that for constant VG and in steady state 

which is the maximum possible unbalance. 

A simple formal solution of equation (All) is not possible for any general 
magnetization characteristic f. However, the case of a linearly permeable 
core is trivial t o  solve and is easily extended to a piecewise linearization 
should such accuracy be desired. This is so because equation (All) is of the 
first order and 6 is continuous even when h is not. Hence, discontinuities 
o f  the permeability p can only introduce jumps in the slope db/dt, but no 

I oscillatory behavior. A linearly permeable core has 

f(N6) = PN6 , 

where the constant 

(A1 5) 

8 



(A1 6) p = -  PAC - 
1 

i s  t h e  permeance for a co re  o f  c r o s s - s e c t i o n  A, and mean l e n g t h  o f  magnet ic 
p a t h  7. T h i s  g i v e s  

f ' = P ,  (A171 

and corresponding s o l u t i o n s  o f  e q u a t i o n  ( A l l )  a r e  

(18) 

where 

(A1 9) N2P 

P 
r z =  - 

i s  t h e  t ime  c o n s t a n t .  

Both t h e  case o f  a s t e p  i n  V G ( t )  which s t a r t s  conduc t ion  a t  t = 0 and 
t h e  case o f  a more genera l  V G ( t >  b u t  w i t h  r l  = r 2  a r e  i n c l u d e d  i n  con- 
s t a n t  h. Over i n t e r v a l s  o f  c o n s t a n t  1.1 these s o l u t i o n s  w i l l  have t h e  form 

(tO-t>/.c + k [ l - e  (tO-t)/t 1, 
P 

r 6 ( t )  = 6 ( t O ) e  

w i t h  6(0> = 0 and = h / r  The i n i t i a l  s l ope  i s  always 
P '  

(A201 

The MOSFETs used i n  t h e  exper iment  had r l  M r 2  and Vth2 - V t h l  M 
0.2 V, which g i v e s  For t h e  s t a t i c  Supermal loy 
B-H curve r i s i n g  above remanence, one c o u l d  a s s i g n  an average r e c o i l  permea- 
b i l i t y  o f  about 0.021 h/m. Hence, for  t h e  g i v e n  co re  dimensions and N = 7 
t h e  6'(0) ~ 3 2 0  A/sec. T h i s  va lue  p r o b a b l y  underest imates t h e  r a t e  because 
dynamic p e r m e a b i l i t i e s  a r e  u s u a l l y  lower  than  s t a t i c  ones. 

h = (Vth2 - V t h l ) / 2  M 0.1 V.  
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I- - 
Figure 1. - Circuit for improving current balance at low currents. The tap 

on R is adjustable to vary performance Over specified current ranges. 

, 

Figure 2. - Dynamic current balance forced by a magnetlc axe. This 
type of circuit is well known in power switching applications. 

50 FOR CIRCUIT SHOWN IN FIG. 1: 

R s =  O.m, R = 2n $ 40 i,, - - - Rs = O.%, R REMOVED, 

be 

DIODES SHORT CIRCUITED 8 
2 3 0  

0 1 2 3 4  5 6  7 

S 

I  TOTAL(^) 
Figure 3. - static current deviation as a functlon of the total current 

observed for the circuit in Fig. 1, with mmponet values as given 
in me text. 
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(a) Pulsed I and I vs time. 
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(b) I1 vs I2 for these pulses, showing hysteresis. 

Figure 4. - Dynamic hysteresis in the drcuit of Fig. 1. Pulse height was 
adjusted to accentuate the relative nonlinearity. 
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(b) I1 vs I2 fw these pulses, showing good linearity. 

Figure 5. - Shon term dynamic arrent balance achieved by the drcuit of Fig. 2, 
using a small supermaiioy tape wound core. 
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(a) Magnetlc saturation causes reversion of I and I to their normal 
unbalanced values. 
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(b) Lower trace shows corresponding induced voltage in one winding. 

Figure 6. - Approach to failure of long term current balance observed in the 
circuit of Fig. 2. 
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